In this paper, a new first-order shear deformation theory is presented for functionally graded sandwich plates composed of functionally graded face sheets and an isotropic homogeneous core. By making a further assumption to the existing first-order shear deformation theory, the number of unknowns and governing equations of the present theory is reduced, thereby making it simple to use. In addition, the use of shear correction factor is no longer necessary in the present theory since the transverse shear stresses are directly computed from the transverse shear forces by using equilibrium equations. Equations of motion are derived from Hamilton's principle. Analytical solutions for bending, buckling and free vibration analysis of rectangular plates under various boundary conditions are presented. Verification studies show that the present first-order shear deformation theory is not only more accurate than the conventional one, but also comparable with higher-order shear deformation theories which have a greater number of unknowns.
Introduction
Functionally graded materials (FGMs) are a class of composites that have continuous variation of material properties from one surface to another, and thus eliminating the stress concentration found in laminated composites. A typical FGM is made from a mixture of ceramic and metal. These materials are often isotropic but nonhomogeneous.
The reason for interest in FGMs is that it may be possible to create certain types of FGM structures capable of adapting to operating conditions.
Sandwich structures composed of a core bonded to two face sheets are commonly used in the aerospace vehicles due to their outstanding bending rigidity, low specific weight, excellent vibration characteristics and good fatigue properties. However, the sudden change in the material properties from one layer to another can result in stress concentrations which often lead to delamination. To overcome this problem, the concept of functionally graded (FG) sandwich structures is proposed. In such materials, two face sheets are made from isotropic FGMs while the core is made from an isotropic homogeneous material. Thanks to the smooth and continuous variation in the properties of FGMs, the stress concentration which is found in laminated sandwich structures is eliminated in FG sandwich structures.
With the wide application of FG sandwich structures, understanding their responses becomes an essential task. Since the shear deformation effect is more pronounced in thick plates or plates made of advanced composites like FGM, shear deformation theories such as first-order shear deformation theory (FSDT) and higher-order shear deformation theories (HSDT) should be used to predict the responses of FG sandwich plates. The FSDT gives acceptable results but depends on the shear correction factor which is hard to determine since it depends on many parameters. Conversely, the HSDT 3 do not require shear correction factor, but its equations of motion are more complicated than those of the FSDT. It is observed from the literature that most studies on FG sandwich plates are based on HSDTs. Zenkour [1] [2] used a sinusoidal shear deformation theory (SSDT) to study the bending, buckling and free vibration of FG sandwich plates with FG face sheets and a homogeneous core. The behavior of FG sandwich plates under thermal environment was also studied by Zenkour and his colleagues [3] [4] [5] using FSDT, SSDT and third-order shear deformation theory (TSDT) of Reddy [6] . Based on an accurate HSDT, Natarajan and Manickam [7] studied the bending and free vibration behavior of two types of FG sandwich plates, i.e.
homogeneous face sheets with a FG core and FG face sheets with a homogenous core.
Neves [8] [9] [10] developed HSDT to predict the behavior of FG sandwich plates. Recently, Xiang et al. [11] analyzed the free vibration of FG sandwich plates using a nth-order shear deformation theory and a meshless method, while Sobhy [12] investigated the buckling and free vibration of FG sandwich plates using various HSDTs. Thai and Choi [13] derived analytical solutions of a zeroth-order shear deformation theory for bending, buckling and free vibration analyses of FG sandwich plates under various boundary conditions.
It is should be noted that HSDTs are highly computational cost due to involving in many unknowns (e.g., theories Neves et al. [9] [10] with nine unknowns and Natarajan and Manickam [7] with thirteen unknowns). To reduce computational cost, HSDTs with four unknowns were recently developed for FG sandwich plates (see Refs. [14] [15] [16] [17] [18] [19] [20] [21] ).
Although the existing FSDT is widely used to develop finite element models due to its simplicity, its accuracy is strongly dependent on the proper value of the shear correction factor. As a result, it is inconvenient to use. In this paper, a new FSDT which eliminates the use of the shear correction factor is developed for FG sandwich plates composed of 
Theoretical formulation
Consider a sandwich plate composed of three layers as shown in Fig. 1 . Two FG face sheets are made from a mixture of a metal and a ceramic, while a core is made of an isotropic homogeneous material. The material properties of FG face sheets are assumed to vary continuously through the plate thickness by a power law distribution as
where P represents the effective material property such as Young's modulus E , Poisson's ratio  , and mass density  ; subscripts c and m denote the ceramic and metal phases, respectively; and V is the volume fraction of the ceramic phase defined
where p is the power law index that governs the volume fraction gradation. Fig. 2 shows the through thickness variation of the volume fraction of the ceramic phase for five different schemes considered in this study. 
Kinematics
The displacement field of the conventional FSDT is given by It is worth noting that the simple FSDT recently proposed by Thai and Choi [22] [23] also involves only four unknowns like the present theory. However, the displacement field of the simple FSDT [22] [23] is obtained by splitting the transverse displacement into bending and shear parts instead of using a further assumption as in the present work. Therefore, the displacement field and subsequent equations of motion derived in this study will be completely different with those given by Thai and Choi [22] [23] . In addition, the present FSDT does not require a shear correction factor as in the case of the simple FSDT [22] [23] .
The strains associated with the displacement field in Eq. 
Constitutive equations
The linear elastic constitutive equations of FG sandwich plates can be written as 11  22  12  11  2   44 55 66
Equations of motion
Hamilton's principle is used herein to derive equations of motion. The principle can be stated in an analytical form as 
where N , M , and Q are the stress resultants defined by 
The variation of kinetic energy can be written as
where dot-superscript convention indicates the differentiation with respect to the time 
with x n and y n being the direction cosines of the unit normal to the boundary of the middle plane. The above boundary conditions can be rewritten in an explicit form as clamped edge
and free edge 00 12 20 
A B D are the stiffness coefficients defined by
Eq. (22) can be rewritten in a compact form as
It should be noted that the transverse shear stresses   
The transverse shear stresses can be derived from Eqs. (25a) and (25b) as
The in-plane stresses  
,, 
Substituting Eq. (28) into Eq. (27), the in-plane stresses can be rewritten as
Substituting Eq. (29) into Eq. (26), using equilibrium equations of the plate, assuming two cylindrical bending modes, and omitting the weak terms, the following transverse shear stresses are obtained [24]  
where
By using the shear stresses defined in Eq. (30a), the shear deformation energy per unit middle surface area is then given by the following expression: 3  3  3  3  4   11  12  66  12  66  22  11  3  2  2  3  4   44  22  12  66  22  1  2  2  2  4   22 22
Analytical solutions
Consider 
 
Yy given in Table 1 violates the stress-free boundary conditions on the plate surface (Fig. 4) , and consequently, a shear correction factor is required. In general, a good agreement between the results is found (see Tables 2 and 3 and Fig. 3) , except for the case of transverse shear stress xz  where a small difference between the results is seen (see Table 4 and Fig. 4 ). This is due to the different approaches used to predict the transverse shear stresses. In this study, the transverse shear stresses are obtained using equilibrium equations while those given by Zenkour [1] are computed from constitutive equations.
Finally, it is important to note that the present theory involves only four unknowns as against five in the case of SSDT, TSDT and FSDT. Besides, it does not require a shear correction factor as in the case of FSDT. Therefore, it can be stated that the present theory is not only accurate but also simple in predicting the bending behavior of FG sandwich plates. Table 5 and Table 6 Further verification of critical buckling loads is displayed in Fig. 5 Example 3. The last example aims to verify the accuracy of the present theory in predicting the natural frequency of FG sandwich plates. Table 7 contains dimensionless fundamental frequency  of a moderately thick square plate with the thickness ratio equal to 10. The obtained results are compared with three-dimensional (3D) solutions [25] and those predicted by HSDT [16] , SSDT [2] , TSDT [2] and FSDT [2] . It can be seen that the present solutions are in excellent agreement with the existing results and even more accurate than those predicted by the conventional FSDT [2] . For example, with p  10, when compared with exact 3D solutions [25] , the maximum error of the present FSDT is only 0.29 % for the (1-0-1) FG sandwich plate, whereas the maximum error of the conventional FSDT [2] is 3.92 % for the (2-2-1) one.
To verify for higher order modes, Table 8 shows the comparison of the first ten natural frequencies of (1-2-1) and (2-2-1) FG sandwich plates. The thickness ratio / ah and power law index p of the plate are taken as 10 and 2, respectively. The obtained results are compared with those predicted by HSDT [16] , SSDT [2] , TSDT [2] and FSDT [2] . As expected, a good agreement between the results is obtained for all vibration modes which confirm the accuracy of the present theory.
To verify for thick plates, Table 9 shows dimensionless fundamental frequency  of a thick square plate with the thickness ratio equal to 5. Two cases of FG sandwich plates are considered: (1) ceramic core (hardcore) and (2) metal core (softcore). Dimensionless fundamental frequencies predicted by the present theory using equilibrium equations without using shear correction factor and constitutive equations with a shear correction factor k  5/6 are compared with exact 3D solutions reported by Li et al. [25] . In general, the present theory using equilibrium equations gives a good prediction of frequency of FG sandwich plates with both hardcore and softcore. Whereas, the present theory with k  5/6 gives a good prediction of frequency of FG sandwich plates with hardcore only, but there are some errors in the case of FG sandwich plates with softcore.
For example, with 10 p  , when compared with exact 3D solutions [25] , the errors of the present theory with k  5/6 are 1.24 % and 11.94 % for (1-2-1) FG sandwich plates with hardcore and softcore, respectively. This indicates that the use of a constant shear correction factor is not appropriate for the case of FG sandwich plates with softcore.
This statement can be clearly seen in Fig. 6 in which the frequency ratio is defined as the ratio of the frequency from the present model and that from the FSDT with k  5/6.
For FG sandwich plates with hardcore, the results predicted by the FSDT match well with the present solutions since the frequency ratio approaches unity. However, for FG sandwich plates with softcore, the FSDT overpredicts natural frequency (see Fig. 6 ), especially for higher values of power law index p .
Parameter studies
After verifying the accuracy of the present theory, parameter studies are carried out to respectively. The thickness ratio of the plate is taken equal to 10. It can be seen that increasing the power law index p results in an increase in deflection (see Fig. 7 ) and a reduction of buckling load (see Fig. 8 ) and natural frequency (see Fig. 9 ). This is due to the fact that higher power law index p corresponds to lower volume fraction of the ceramic phase V (see Fig. 2 ). In other word, increasing the power law index will reduce the stiffness of the plate due to high portion of metal in comparison with the ceramic part, and consequently, leads to an increase in deflection and a reduction of both buckling load and natural frequency. In addition, the effect of the power law index Since the CPT neglects the shear deformation, it underestimates deflection (see Fig. 11 ) 20 and overestimates buckling load (see Fig. 12 ) and natural frequency (see Fig. 13 ). The difference between the present theory and CPT is significant for thick to moderately thick FG sandwich plates, but it is negligible for thin plates with / ah  20. This means that the inclusion of shear deformation results in an increase in deflection and a reduction of both buckling load and natural frequency, and the effect of shear deformation is considerable for thick plates, but negligible for thin plates.
The effect of boundary conditions on deflection, buckling load and natural frequency is shown in Tables 10-12 and Figs. 14-16. It is observed that the hardest and softest plates correspond to the FCFC and SSSS ones, respectively. It is also noticeable from Table 10 and Fig. 7 that, for a constant power law index and thickness ratio, the lowest and highest values of deflection correspond to the (1-2-1) and (1-0-1) FG sandwich plates, respectively. Such behavior is due to the fact that the (1-2-1) and (1-0-1) FG sandwich plates correspond to the highest and lowest volume fractions of the ceramic phase V (see Fig. 2 ), and thus makes them become the hardest and softest ones.
Conclusions
A simple and accurate FSDT which eliminates the use of a shear correction factor was presented for FG sandwich plates composed of FG face sheets and an isotropic homogeneous core. Governing equations and boundary conditions are derived from
Hamilton's principle. Analytical solutions for bending, buckling and free vibration analysis of simply supported plates are presented. Verification studies confirm that the present FSDT is not only more accurate than the conventional one, but also comparable with 3D elasticity theory and existing higher-order shear deformation theories which have a greater number of unknowns. In addition, the present FSDT is simpler than the conventional one due to having a fewer number of unknowns and governing equations,
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and more importantly, it does not require a shear correction factor. 
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